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Abstract 
Silicon heterojunction (SHJ) solar cells represent a promising technological approach towards 
higher photovoltaics efficiencies and lower fabrication cost. While the device physics of SHJ solar 
cells have been studied extensively in the past, the ways in which nanoscopic electronic processes 
such as charge-carrier generation, recombination, trapping, and percolation affect SHJ device 
properties macroscopically have yet to be fully understood. We report the study of atomic scale 
current percolation at state-of-the-art a-Si:H/c-Si heterojunction solar cells under ambient 
operating conditions, revealing the profound complexity of electronic SHJ interface processes. 
Using conduction atomic force microscopy (cAFM), it is shown that the macroscopic current-
voltage characteristics of SHJ solar cells is governed by the average of local nanometer-sized 
percolation pathways associated with bandtail states of the doped a-Si:H selective contact leading 
to above bandgap open circuit voltages (VOC) as high as 1.2 V(VOC > 𝑒 ∙ 𝐸gapSi ). This is not in 
violation of photovoltaic device physics but a consequence of the nature of nanometer-scale charge 
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percolation pathways which originate from trap-assisted tunneling causing dark leakage current. 
We show that the broad distribution of local photovoltage is a direct consequence of randomly 
trapped charges at a-Si:H dangling bond defects which lead to strong local potential fluctuations 
and induce random telegraph noise of the dark current. 
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Introduction 
 
The theoretical limit of the conversion efficiency of single junction solar cells is well understood 
and described by the Shockley-Queisser limit (SQL)1–3. A consequence of the SQL is that the open 
circuit voltage (VOC) of single junction solar cells are always smaller than the bandgap energy 
(VOC < 𝑒 ∙ 𝐸gap)	and is determined by the quasi fermi splitting ∆= 𝐸23 − 𝐸25 that can be achieved 
at the collecting contacts. ∆ is limited by radiative recombination and well understood in terms of 
thermodynamics4–10 and determined by the quasi Fermi level distribution in the device. There have 
been a few observations of VOC being higher than the bandgap energy in various material systems 
but it seems that these effects could be explained by series connection of several intrinsic junctions. 
On the other hand, potential fluctuations that may develop at the selective contacts and in the bulk 
through charge trapping at bandtail states generated through local disorder11 is known to largely 
modulate the potential landscape of solar cells and generally lead to a decrease of VOC. However, 
on the atomic scale it is possible that local enhancements of VOC can happen that result in above 
bandgap VOC as is indicated by the sketch in Fig. 1. Such effects will not be observable with 
conventional contacts since they would average laterally over the local fluctuations. In this report 
we will show that with nanometer conductive probes as provided by conduction AFM (cAFM) we 
are able to resolve such effects in conventional crystalline silicon (c-Si) heterojunction (SHJ) solar 
cells with hydrogenated amorphous silicon (a-Si:H) as selective contact layers12–14. Different from 
previous cAFM on silicon15,16 we probe the dark and photocurrents that flow vertically through 
the selective contact. With this technique, we are able to detect local IV curves with VOC at RT 
which are as large as 1.2 V. We show that such large VOC are in accordance with thermodynamics 
and are the result of charge transfer and injection through a-Si:H bandtail- and defect-states at the 
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charge selective SHJ interface17–21 which leads to stochastic charge trapping and hence to 
fluctuations of the device performance which is observed as random telegraph noise (RTN) with 
up to 100% modulation. This is orders of magnitude larger than what has been reported before for 
doped a-Si:H22–25. From the analysis of the cAFM images we can reconstruct a density of states 
which suggests that we image bandtail states in a-Si:H with a minimum localization of about 1 nm. 
We suggest that these states are induced by density fluctuations in the amorphous network that 
have recently been reported about26. 
Experimental Approach 
We conducted a study of charge percolation across SHJs using ultra-high vacuum (UHV) 
conduction atomic force microscopy (cAFM) where the a-Si:H surface of the SHJ solar cell was 
scanned by a platinum AFM tip. For cAFM, tip-sample interaction force is used to gain 
topographic surface information and use this as feedback observable for the position control of the 
probe tip, while the tunneling current between the sample and probe tip is measured, allowing for 
very sensitive local surface conductivity measurements with the lower Å-resolution27–30. cAFM 
has been used successfully to analyze depth-dependent currents in perovskite solar cells31 or the 
role of structural defects through conductive-tomographic AFM in CdTe solar cells32,33. With 
cAFM it was also shown that at the a-Si/c-Si interface a 2D conductive layer exists that is 
responsible for some of the remarkable feature of the SHJ solar cell15. However, in none of those 
cAFM reports on solar cells current limitations due to localized states could be detected.  
Figure 1a displays a sketch of a cAFM setup with a SJH device that was processed identically to 
previously reported and well characterized macroscopic SHJ solar cells with device efficiencies of 
>20% and 23.65% (certified) on smooth and textured wafers, respectively34–36. The main 
difference of the structures used for cAFM experiments here, compared to complete solar cells, is 
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that they did not have a transparent conducting oxide (TCO) and metal contact, since the Pt tip 
assumed this role on a nm-scale during the cAFM experiments. For the back contact, the TCO was 
in direct contact with the cAFM sample holder. The cAFM setup was based on an Omicron 
Nanotechnology Oxford Instruments LT STM/AFM system which is equipped with a quartz 
tuning fork in qPlus configuration27,30 and a commercially acquired37 Pt tip. The tuning fork 
resonance frequency f0 was ~30 kHz while a constant amplitude of ∼1 nm was maintained under 
UHV conditions of ∼10−10 mbar. The quartz tuning fork allows for cAFM measurements in either 
darkness or under well-defined illumination conditions, in contrast to optically detected AFM 
where the detection light can induce spurious photo-effects. Note that all experiments reported 
here were performed at T = 300 K if not stated otherwise. 
The SHJ devices studied were based on a double-sided polished n-type <100> oriented float-zone 
silicon wafer, with details about the sample stack and its preparation being described in the 
Methods section below. Before devices were introduced into the UHV chamber of the cAFM 
setup, the oxide layer and other contaminants on the uncontacted (p)-a-Si:H emitter contact layer 
were removed by application of a brief HF drop with 1% HF solution to the front surface of the 
device. The device was then mounted on the Omicron sample holder and brought into UHV 
conditions within 5 min after the HF dip to assure an oxide-free surface for the non-contact mode 
cAFM measurement. Light was applied by a heat-filtered tungsten halogen lamp with an intensity 
of 475 W/m2 (~½ sun). Topographic images obtained from the tuning fork frequency shift, ∆𝑓, 
were recorded, while, simultaneously, the current between probe tip and sample was monitored 
such that local charge transport and topography of the SHJ can be compared. The measurement of 
current-voltage (I-V) characteristics required well controlled, lower Å-range tip-sample distances 
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(TSD), 𝑑, in tunneling range of the sample surface, that had to be maintained at a constant value 
even when electrostatic forces changed, e.g. due to changing bias conditions.  
 
Current variations on the nanometer scale 
Figure 1b shows a representative current image obtained under white light illumination and a 
forward bias 𝑉bias = 	1	V while Figure 1c displays the simultaneously taken topographic image. 
The topography and the current images resemble little similarity, albeit both were recorded at the 
same time on the same area. While the topography shows 5 Å peak-to-peak roughness, the current 
under illumination (CuI1) image reveals local current maxima from femtoampere to tens of 
picoampere with varying shapes and nanometer-range sized maxima as determined in a procedure 
discussed in the SI38. Within these areas, referred to as current patches (CPs) in the following, the 
current is enhanced in magnitude compared to the current in the more homogeneous areas (HAs), 
where the current is much smaller in magnitude. From these images, we conclude that the current 
flow through the thin, boron doped a-Si:H emitter layer is highly inhomogeneous and positive with 
strongest deviations within the nm range sized CPs, while the HAs displays predominantly 
negative CuI. As shown in Figure 1d and 1e, line scans taken at identical positions shown in panels 
Figure 1b and 1c, no correlation between current and surface morphology is discernable and, thus, 
the origin of the CPs cannot be attributed to the sample topography. Hence, the CPs identified in 
Figure 1b can be attributed to nm scale conductivity inhomogeneity of the SHJ surface- or 
subsurface-regions, rather than to surface morphology.  
 
                                                             
1 The CuI is the sum of the dark current and the photocurrent (PC). Due to the superposition principle, the PC in 
classical p-n junction theory is independent of voltage and is determined by the light-induced generation rate and the 
internal collection efficiency. 
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In contrast to larger CPs, the smallest CPs that we have observed can be fitted by Gaussian 
distributions and they typically show diameters with a full width at half maximum (FWHM) of 
~1 nm as shown in Figure 1d. We therefore conclude that these features in the cAFM 
measurements are not governed by the resolution of our setup, which is about 5 Å as determined 
for Pb centers located at the c-Si/SiO2 interfaces39. 
While the lower limit of the observed CP size is about one nm, the analysis of 340 different CPs 
recorded under identical conditions (𝑉=>?@ = 1	V	, TSD = 7 Å, see Figure S1 in the SI for more 
detail38), we obtain a lognormal distribution of the outer CP diameter for larger CPs, peaking at 𝑑CP = 2.7nm± 1.3nm. We note that the observation of CPs at the a-Si/c-Si heterointerface 
reproduces for different 𝑉bias and is not a specific feature of doping type since we observe similar 
CPs for SHJ cells with oppositely doped base and emitter ((n, i) a-Si:H/(p)/c-Si) as shown in the 
Figure S2 of the SI38. We therefore arrive at the conclusion that CPs are a common feature of 
transport through the a-Si:H/c-Si interface.  
We have repeated the current mapping experiments represented by Figure 1b on various surface 
locations and also for different 𝑉bias. Figure 2a displays such measurements made between short 
circuit condition (𝑉bias = 	0	V and 𝑉bias = 1.8	V). The resulting current maps are plotted in 
Figure 2a obtained with a thoroughly calibrated current detector, assuring that the varying 
electrostatic force conditions under varying 𝑉bias	did not cause changes of the absolute offset of 
the current detector as conceivable due to potential changes of the TSD or other influences (see 
the discussion in SI of Figure S338). The data in Figure 2a shows that, under short circuit 
conditions, we observe a fairly homogenous and mostly constant, albeit not entirely feature-less 
short circuit current throughout the probed area. With increasing bias, CPs become increasingly 
pronounced, i.e. the current within the CPs shifts towards the forward direction, while the number 
8 
 
of CPs increases. Some CPs appear only within narrow 𝑉bias ranges and then disappear towards 
higher 𝑉bias. Also, some CPs display a pronounced substructure with more than one local current 
maximum. Eventually, at larger 𝑉bias, especially beyond the macroscopic 𝑉OC, CPs display large 
positive currents whose magnitudes become exponentially larger, as expected for the forward 
current of a SHJ solar cell. Remarkably, this macroscopically well-known diodic I-V behavior is 
displayed microscopically only by the CPs, while large HAs continue to show only a negative CuI, 
even at 𝑉bias = 1.8	V (see Figure 2c).  
 
Fingerprint of Urbach tail in nanoscopic PC 
The topography image of the area where the cAFM data sets of Figure 2a were obtained, shows, 
again, no significant correlation with any of the current images. Thus, in order to investigate the 
physical nature of the observed CPs, we determined from the current maps the number of CPs per 
image, i.e. we determined the number of local current extremata by a procedure explained in the 
SI using ImageJ (see Figure S4 in the SI38). The plot of the density, 𝑛CP, of detected CPs per area 
as a function of 𝑉bias	 shown in Figure 2b reveals a good agreement with an exponential function 
with 𝑉bias	from 3x1010 cm-2 to 5x1011 cm-2.  
In order to understand the bias dependency of the CP density, we considered the shifts of the quasi 
Fermi levels of electrons and holes, 𝐸fn and 𝐸fp, respectively for 0.5 < 𝑉bias < 1.8	V. These shifts 
were obtained from a 2D numerical simulation TCAD-SENTAURUSTM40 (see Figure S5 in the SI38) 
of the used SHJ structure under 1 sun illumination (with photon absorption in the 8 nm a-Si:H 
layer being neglected). These calculations showed that 𝐸fn shifts nearly linear with 𝑉bias in the p-
a-Si:H region since electrons are minority carriers, while 𝐸fp only shifts in the region close to the 
c-Si interface and is otherwise pinned due to the high doping level. Since the shift of 𝐸fp will 
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change the density of occupied bandtail states in the a-Si:H, we can determine the activation energy 
of the creation of CPs. We find an activation energy, 𝐸N ≈ 100	meV, comparable to the Urbach 
energy associated with the valence bandtails in highly doped a-Si:H41. Thus, the increase in CP 
area density with 𝑉bias corresponds to the change of the density of occupied states around 𝐸fp in 
the valence bandtail of the (p)-a-Si:H layer. Essentially, this corresponds to the density of valence 
bandtail states that allow for hole transport, based on the assumption that these are energentically 
in a range of kT within 𝐸fp. We therefore conclude that the observed CPs correspond to valence 
bandtail states or nm-sized regions with a certain electronic structure where such bandtail states 
evolve within the (p)-a-Si:H layer. The cAFM current maps essentially represent images of such 
regions in the thin emitter layer of the SHJ device which have been made visible for the first time 
to the best of the authors knowledge. 
 
Open-circuit voltage variation on the nanometer level 
In order to further investigate the nature of the CPs, including their statistical variance, we have 
measured more than 1000 I-V characteristics on various CPs in different, macroscopically well-
separated surface locations under identical conditions. In order to scrutinize that the influence of 
the TSD and, thus, the tip to surface tunneling probability—an experimental parameter—neither 
affects the measured current or only in a limited and well understood way, these measurements 
were carried out with randomly varying TSD between 2 Å and 7 Å (see the discussion in the SI38). 
The red plots in Figure 2c display the I-V data sets. Remarkably, for the given illumination 
conditions, all I-V characteristics experience about the same short-circuit current, 𝐼SC = 𝐼SCCP =400 fA, independent of the TSD. This indicates that charge generation is not altering the solar 
cell’s photocurrent (PC) on the length scales of the experimental window (a few micrometer). As 
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it will be shown later, at least throughout the homogeneous sample surface areas, the excess charge 
carriers (holes) pass through the interface into the hole selective contact without spatial selectivity, 
i.e. the currents at any measured point within the imaged area, does not just represent the current 
at the given location but instead, a current that is broadly distributed throughout the area around 
the probe location. Note that this primary PC as defined by McGlynn42 is superimposed by the 
dark current that is only supported through the highly localized CPs and a good proof of the 
superposition principle of dark and PC. 
While the PC appears to be homogeneous, Figure 2c also reveals that both FF and 𝑉OCCP vary 
dramatically for each CP, with 𝑉OCCP being even larger in some few cases than the c-Si bandgap 
(𝑉OCCP > 𝑞 ∙ 𝐸gapSi ). Figure 2d displays a histogram of the values of 𝑉OCCP as obtained from the I-V 
curves in Figure 2c, which exhibits a broad distribution that is centered at 𝑉OCCPSSSSS = 748	mV±200	mV, which, remarkably, is the macroscopically expected 𝑉OC for this type of base material 
and surface passivation condition, as found from 2D numerical simulation (see Figure S6 in the 
SI38. The electronic characterization of the SHJ solar cell prepared under similar conditions as our 
test devices studied here, provide 𝑉OCexp = 0.741	V with 𝐼SCexp = 38.6	mA/cm2 with an efficiency 
>23%34,35. Thus, the CP data (red) shown in Figure 2c suggest that a macroscopic SHJ solar cell 
is essentially a parallel circuit of a large number of CPs which represent microscopic SHJs.  
As already seen in Figure 2a and 2c, the I-V characteristics within the HAs shows nearly voltage 
independent CuI, with 𝐼SCCP = 𝐼SCHA. In Figure 2c, we have also plotted the average current obtained 
from HAs (blue dots connected by line). The plotted I-V behavior of HAs can be understood by 
the definition of HAs, which are those areas that do not show CPs within the applied bias range. 
This definition already implies that I-V functions within HAs will reveal no influence of the dark 
current injected through the CPs and result in values for 𝑉OCHA far beyond 𝑉OCexp. In essence, as long 
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as I-V functions are measured at locations where no CPs are seen and, thus, no valence bandtail 
states are present, the (p,i)-a-Si:H/c-Si interface behaves like a SHJ interface with (p)-a-Si:H that 
allows no charge injection at low biases. Naturally, the 𝑉OC of such a macroscopically non-existent 
interface, can be higher than 𝑉OCexp but cannot be larger than 𝑉OCAuger	limit ≈ 0.75 V for a cell thickness 
of 200 µm and under AM 1.5 illumination1. 
Since 𝐼SCHA is homogeneously distributed, and 𝐼SCHA = 𝐼SCCP, we attribute this lack of spatial selectivity 
to holes that are injected into the a-Si:H valence band from the highly delocalized two-dimensional 
electron gas (2DEG) right below the (p,i)-a-Si:H/c-Si interface (see Figure 3 and its discussion 
below). Interestingly, these observations shown in Figure 1 and 2 imply that dark current and PC 
at SHJ interfaces separate in different percolation regimes: The PC is generated inside the c-Si 
absorber of the SHJ and the holes as minority carriers diffuse to the 2DHG at the SHJ interface. 
From here the excess holes percolate anywhere at that interface across the a-Si:H layers (thermally 
emitted or direct tunneling) through the a-Si:H valence band. On the other hand, the dark current 
(holes going from the Pt tip to the c-Si) appears to selectively percolate through the valence 
bandtail state. We further conclude, that the dark current cannot be injected from the Pt tip into 
HAs. As a consequence, the HAs can be identified as those areas where we directly observe the 
primary PC of the SHJ device. Their I-V characteristics are similar to the PC deduced from 
numerical simulation (see Figure S6c in the SI38). In a macroscopic device with TCO contacts this 
primary photocurrent cannot be measured and is always superimposed by the dark current that is 
established through the CPs. As shown clearly from our results, cAFM is capable of spatially 
separating dark and photocurrent. 
The observation of a large distribution of 𝑉OCCP is unexpected as q	𝑉OC equal to or above the band 
gap of the absorber is not possible from a macroscopic thermodynamics point of view, taking the 
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band structures, Fermi-energies, and band offsets into consideration. We can exclude that the 
strong variation of 𝑉OCCP is dominated by a TSD artifact, e.g. by the tunneling gap between tip and 
sample causing a voltage drop or a depletion in one of the a-Si:H layers. Charge simulations shown 
in Figure S6a and S6b of the SI38) that the large distribution of 𝑉OCCP around the well-known 
macroscopic thermodynamic expectation value 𝑉OCCPSSSSS	is neither related to the tunneling resistance 
nor to surface depletion. We therefore hypothesize that it is instead due to local nanoscopic 
potential fluctuations caused by randomly trapped charges. This hypothesis is quantitatively self-
consistent as shown by a simulation of local potential fluctuations caused by the Coulomb fields 
of randomly spread positive and negative point charges which lead to a random distribution of 𝑉OC 
which is expected to show a small TSD dependence as observed experimentally. This result is also 
consistent with the spread of 𝑉OCCP observed in Figure 2d (see also Figure S7 and S8 in the SI38). 
Previous reports have suggested that above bandgap VOC can exist on the nm level if large electric 
fields (>10 kV/cm) are present as has been observed in ferroelectric photovoltaic devices4. With 
trapped charge in the vicinity of a tail state, electric fields exceeding 500 kV/cm can exist—as 
compared to the field in the space charge region of the SHJ device being about only 7 keV/cm. 
 
Random Telegraph Noise (RTN). 
In order to scrutinize the trapped charge hypothesis described above, we have studied the dynamics 
of trapping and emission processes in order to see whether this causes dynamical changes to large 
potential fluctuations resulting in time dependent distributions of I-V curves and hence of 𝑉OC. 
Trapping times of free charge carriers in shallow bandtail or defect states occur on femtosecond to 
nanosecond time scales43–45, too fast for the time resolution of our experimental setup. However, 
charge reemission to the bands typically takes place on millisecond to second regimes at room 
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temperature for trap depths between 0.7 and 0.8 eV22,41. Thus, trapping and emission processes in 
close proximity of a CP will alter 𝑉OC locally and should be detectable in the time dependence of 
the current measured on a CP. 
We have measured the transient CuI at various positions of the sample (both, at CPs and within 
HAs) as indicated in Figure 2e, which displays a CuI as a function of time obtained at an arbitrarily 
chosen CP. During the measurement, a constant TSD was maintained, using the force-feedback 
mode of the AFM. The transient CuI clearly exhibits two discrete current levels between which 
the current fluctuates. The inset in Figure 2e depicts the histogram of the measured current trace, 
which clearly shows a bimodal distribution. This confirms that the current transient shown in 
Figure 2e displays random telegraph noise (RTN) as known from electronic processes which are 
controlled by randomly charged and discharged electronic states46. 
We have repeatedly measured time-dependent currents on CPs and found RTN in about 25% of 
the attempts that we have undertaken. No RTN was detected in the HAs. We have then further 
scrutinized the nature of this effect by verification that the observation of RTN as shown in 
Figure 2e originates from trapping and reemission of individual electrons in localized electronic 
states, and not from artifacts, e.g. the presence of impurity molecules (contaminants) on the probe 
tip or on the surface, as known from previous scanning probe experiments47,48. For a detailed 
experimental analysis we refer to Figure S9 of the SI38. From these experiments, we conclude that 
the observed RTN must be caused by a mechanism that is inherent to the position where the RTN 
is detected, i.e. due to an electronic trap and, thus, we conclude that the sample current at some 
CPs is switched between two levels by local charge trapping and reemission. Thus, changes of the 
local potential due to trapping or reemission of charges can dramatically switch the injection 
properties around the CPs on and off as it has been reported before for doped a-Si:H macroscopic 
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samples22–25. Teuschler et al.22 determined that the activation energy of charge capture and 
emission from deep defects in p-type a-Si:H devices was 0.72 eV and 0.87 eV, respectively, for 
average switching times of a few 100 ms to a few seconds at RT, comparable to what we observe 
here. Since in our device only about 25% of the CPs show RTN, we can estimate, following the 
argumentation of Teuschler et al.22, that the defect density in our doped a-Si:H layer is about one 
order of magnitude below the density of bandtail states at the given 𝐸fp, which means 𝑁db ≈10bc	cmde, well in accordance with reported estimates the p-type a-Si:H doping levels used here41. 
 
In summary, using cAFM experiments on the hole selective a-Si:H contact of state-of-the-art SHJ 
solar cells at RT, we were capable to identify atomic scale electronic processes which govern the 
device behaviors. Dark current is governed by trap assisted tunneling through localized states of 
the valence bandtail states while PC occurs homogeneous across the SHJ area. The tail states are 
suggested to originate from dense ordered domains that have been reported in a-Si:H26 wich can 
cluster into larger regions of up to 10 nm well in accordance with our experimental findings. The 
localization of the bandtail states of the valence band are around found to be about 1 nm well in 
agreement with what has been estimated from theoretical simulations26. 
The nanoscopic I-V characteristics of SHJ devices is strongly influenced by fluctuating potentials 
caused by trapped and detrapping of localized charges at defects in the doped a-Si:H layer, 
producing local potential fluctuations and, thus, local 𝑉OC above 0.8 V, in some few cases even 
higher than the bandgap. This observation does not violate the fundamental device paradigms of 
SHJ solar cells as neither the bandgap nor the local Fermi level is well defined on the nm level. 
With a current collecting TCO layer, the observed nanoscopic effects will average out, leading to 𝑉OC of 748 mV, in accordance with experiment and macroscopic device simulations.  
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We also find that the SHJ solar cell at RT provides different pathways for dark current and PC as 
illustrated by the sketches in Figure 3a through c, which are band diagrams of the SHJ, showing 
the percolation of PC (a) as well as dark current (b,c). Note that these band diagrams represent 
electron energies and localization in a single particle picture, except for the localized electronic 
bandgap states at the interfaces and within the a-Si:H which are represented in a two-particle 
picture to avoid ambiguity (see the caption of Figure 3).  
Our experiments show that the PC can penetrate the surface at any location, independently of 
whether a-Si:H bandtail states are present (Figure 3a). In contrast, nm-sized CPs emerge under 
illumination that result from trap-assisted hole injection from the Pt tip through valence bandtail 
states of the a-Si:H layer into the c-Si where they recombine with electrons injected from the c-Si 
back contact (Figure 3b). Because of this, the dark current preferentially penetrates the a-Si:H layer 
stack only at surface locations where bandtail states are present, implying that the performance 
limiting component of the dark current originates from trap-assisted tunneling in the doped a-Si:H 
emitter layer of the SHJ device. This effect is observed even for moderate 𝑉bias < 𝑉OC. In order to 
minimize these tunneling losses, one would need a hole selective a-Si:H layer that does not have 
bandtail states within reach of the Fermi level of the contact material, since no bandtail states in 
the energy window of trap assisted tunneling are present at low 𝑉bias. For device simulation, the 
effect of local shunting due to tunneling through bandtail states has to be implemented with a 
physical model of trap-assisted tunneling. The fact that hole trapping at a defect state in close 
proximity to the bandtail state (Figure 3c) is occurring will lead to a shift of the bandtail state to 
lower energy thereby charging the tail state negatively. The fact that no energetically resonant free 
states in the Pt tip are available for extracting the electron (or pushing in a hole from the tip) leads 
to a complete blockade of the injection. If the hole is emitted again from the defect this will lift the 
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injection blockage leading to a strongly (order of 100%) modulated RTN, in good accordance with 
our observation. 
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Methods 
Sample preparation: The SHJ samples investigated were prepared at Helmholtz-Zentrum Berlin 
(HZB) and their structure is shown in Figure 1a. The c-Si wafers used are both, n-type and p-type, 
both sides polished Si <100> oriented 4” quarter wafers. After the RCA cleaning, a three minute 
chemical etching process in 1% diluted hydrofluoric (HF) acid on both sides of the c-Si wafers 
was performed, followed by drying with N2 gas. The wafers were immediately loaded in the 
deposition chamber of a two-chamber plasma-enhanced chemical vapor deposition (PECVD) 
system to grow the i-a-Si:H (3 nm) and p-a-Si:H (5 nm) layer. Diborane (B2H6) was used for p-
type doping. Similarly, i-a-Si:H and n-a-Si:H layers were deposited on the back side using PH3 as 
doping source. ZnO:Al was deposited as a back-contact electrode using an in-line DC magnetron 
sputtering system from Leybold Optics (A600V7). Similar fabrication processes were followed to 
fabricate (n)a-Si:H/(i)a-Si:H/(p)c-Si/(i)a-Si:H/(p)a-Si:H SHJ. More details on the SHJ device 
fabrication processes can be found elsewhere49–51. The SHJ samples were diced 
(12 mm × 2.85 mm) and clamped onto an Omicron direct-heating molybdenum sample plate 
holder for cAFM measurements. The native oxide on the front sides of both SHJ samples was 
removed by a 1% diluted HF etch followed by N2 drying. The samples were then transferred into 
the load lock of Omicron nanotechnology LT-STM UHV system within less than five minutes 
under UHV of 10dbN mBar. 
 
Probe preparation: The conductive Pt tips (25Pt300B) were provided by Rocky Mountain 
Nanotechnology, LCC37 and were fabricated from solid platinum wires with a tip radius of 20 nm. 
The tips were bonded by conductive epoxy to the free tune of tuning fork of the qPlus sensor. The 
sensor with Pt tip was installed in the UHV LT-STM system (Omicron nanotechnology). Tip 
stability and conductivity were checked by performing STM measurements on 7 × 7 reconstructed 
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Si (111) surface which was prepared by a standard flash-annealing procedure27,28,52. Stable and 
reproducible atomistically resolved STM images were obtained which verifies the tip stability and 
conductivity. Once the tip stability and conductivity are verified in this process, cAFM 
measurements were taken on SHJ samples.  
 
cAFM measurements: The free tune of the qPlus sensor oscillates with a nominal resonance 
frequency of 𝑓N ≈ 30	kHz at a constant amplitude of approximately 1 nm. When a constant 
forward bias voltage is applied and the tip is within tunneling range, topographic and current 
images can be simultaneously measured. The frequency shift (∆𝑓) due to tip-sample interaction 
was kept constant using a height feedback loop. While scanning across the surface, charge carrier 
percolation paths with a high lateral resolution in the sub-nanometer range can be detected. 
Additionally, a single point spectroscopy of I-V characteristics was feasible. The intensity of the 
white light illumination was performed with a tungsten halogen lamp that was focused through the 
window access of the cAFM setup. The light intensity of 475 W/m2 was estimated through 
comparison with a reference solar cell at the sample position in the cAFM that was calibrated in 
in a solar simulator (PV measurements QEXL). 
 
Data Availability 
The data sets generated during and/or analyzed in the course of this study can be obtained by 
contacting the corresponding authors. 
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List of abreviations in alphabetical order 
AFM  atomic force microscopy 
a-Si:H  hydrogenated amorphous silicon 
cAFM   conduction atomic force microscopy 
CBT  conduction bandtail 
CP  current patch 
CuI  current under illumination 
c-Si  crystalline silicon 
Isc  short circuit current 
FF  fill factor 
HA  homogeneous area 
SHJ  silicon heterojunction 
PC  photocurrent 
UHV  ultra high vaccum 
VBT  valence bandtail 
Voc  open circuit voltage 
RTN  random telegraph noise 
RT   room temperature 
SI  Supplementary information 
TSD  tip-sample distance 
2DEG  2-dimensional electron gas 
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Figure 1: a) Sketch of the RT UHV cAFM experiment on SHJ solar cell structures allowing for 
dark and photoconductivity measurements at various surface locations with atomic scale 
resolution using a scanning probe, while AFM force feedback allows for control of TSD. White 
light illumination was achieved with a tungsten halogen lamp. b) Current under illumination and 
c) topographic image of a 100×100 nm2 scan area measured using cAFM under illumination and 
forward bias condition on the SHJ shown in a). The topographic and current images are obtained 
simultaneously. d) Plots of different current profiles along the line cuts 1-4 shown in b). e) The 
plot of the topographic height profile along the line cuts 1-4 shown in c). The blue curve in d) is 
the fit to the data with a gaussian profile of FWHM 1 nm. 
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Figure 2: a) Bias dependence of cAFM current maps of the SHJ sample shown in Fig. 1a. The 
panels show RT cAFM current images at indicated Vbias measured under illumination at constant 
TSD. The topography was measured simulatenously and shows no significant correlation with the 
current maps. Current and topographic scale are shown in color code. b) Density of CPs as 
function of Vbias extracted from panels a) through a procedure described in SI [38] with error bars 
indicated in the figure. c) the red curves indicate 1000 I-V curves extracted at various CPs (for 
details see text) I-V characteristics were obtained under ~0.5 suns illumination at various TSD 
between 2 Å and 7 Å in non-contact mode while the force-feedback loop was turned off. The blue 
dotted line represent the IV curves obtained through integration over the HAs of the current maps 
in a). In contrast to the I-V curves recorded in CPs (red lines), diodic behavior is not apparent. d) 
Histogram of the distribution of the open-circuit voltages 𝑉jkkl as extracted from the I-V data 
displayed in c). The blue curve represents a fit with a normal distribution. e) Time evolution of the 
current through CP measured at Vbias = 1 V exhibiting RTN. The inset shows the current 
distribution recorded over 10 s showing a pronounced bimodal distribution. 
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Figure 3: Illustrations of SHJ charge transfer percolation pathways of photo- and dark-currents 
at HAs (a) as well as CPs (b, c). Note that interface band diagrams are usually single electron 
state illustration and, thus, charge carriers such as electrons in the conduction bands (blue, -) and 
holes in the valance bands (red, +) are illustrations of individual occupied and unoccupied 
electron states, respectively. In contrast, in order to avoid ambiguity, the charge states of localized 
electronic bandgap states such as tail and dangling bond states are represented here in a two-
electron picture where (+-),(++), and (--) represent neutral, singly positive as well as singly 
negative charge states, respectively. The images presents a near open-circuit situation where the 
quasi Fermi-level splitting Va ~ Vbias= VOC. a) Charge extraction of photogenerated holes in HAs 
through tunneling of electrons in the Pt tip (below the Pt Fermi level) into the valence band of a-
Si:H. b) Injection of holes from the Pt tip in to the SHJ through electron tunneling of electrons out 
of the a-Si:H valence band-tail state into unoccupied electron states above the Pt Fermi level. This 
process represents dark current at CPs. c) Hole injection blockade at a CP due to the presence of 
positive charge that is trapped at a nearby db defect state deep within the a-Si:H band gap. The 
trapped charge causes the band-tail state energy level to shift closer to the valence band such that 
it becomes negatively charged. This leads to a complete blockade of current injection, and hence, 
to a significant dark current change at the CP. The dark current will fluctuate and generate RTN, 
when the db state is randomly charged and discharged repeatedly. The quasi-Fermi levels Efn and 
Efp are indicated by dashed lines and represent the thermodynamic situation of the band diagram, 
blue and red arrows indicate transitions of electrons or holes, respectively. 
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1. Nano-sized local current maxima distribution 
Figure S1 shows the distribution of the size of local current maxima of current maps for (p) a-Si:H/ 
(i) a-Si:H/ c-Si heterojunction solar cell. The whole data set was extracted from the local current 
maxima of eight current maps acquired under nominally the same conditions (𝑉"#$% = 1	𝑉 , 
d = 7 Å, and under white light illumination) from over 340 current patches (CPs). Each data point 
in Figure S1 was obtained from the full-width half maxima of the Gaussian fit to the outer larger 
diameter (𝑑*+) of each CP (see an example in Figure 2 of the main text). The size distribution 
follows a lognormal type of distribution with an average diameter of 𝑑*, = 2.7	nm± 1.3	nm. The 
minimum 𝑑*+is approximately 10 Å. In the past, other groups have reported localization length of 
bandtail states of 8.5 Å1, 11 Å2, 12 Å3 measured using different techniques by assuming a single 
exponential envelope of the wave function which falls off isotropically. Our result of the smallest 
size of CP of 10 Å is in agreement with assumptions in literature, and the smallest CPs that we 
observe are most likely surface states in the (p) a-Si:H layer may involve single trap assisted 
tunneling. However, the observed wide size distribution of CPs (see Figure S1) implies that each 
larger size CP may involve different percolation paths (domains) from c-Si to the p-layer and 
charge transport in this case involves trap assisted tunneling through two or more valance bandtail 
states. The size distribution not only provides information about the involvement of two or more 
valance bandtail states but also may represents depth profile of electronic states. Bandtail states 
can exist across the volume of the (p) and (i) a-Si:H layer and they can be more accessible to the 
Pt tip if they are closer to the p-layer surface than deeper states in the volume of both layer. Such 
type of size variation due to depth profile of electronic states on non-conductive dielectric samples 
have been observed using a technique called dynamic tunneling force microscopy which is 
sensitive to single trap state4,5. However, we did not observe CP size below 10 Å. Therefore, we 
argue that larger CPs are due to a cluster of tunneling steps across several band-tail states 
(domains). 
 Figure S1. The Histogram of the full-width half maxima of the size of CPs (outer diameter) for (p) a-Si:H/ 
(i) a-Si:H/ c-Si HIT solar cell  
 
 
2. Current variation on nanometer-scale on (n,i) a-Si:H/(p) c-Si HIT solar cell 
 
Figures S2a and S2b show current and topographic images obtained under white light illumination 
and forward bias of 𝑉bias = 1	V taken simultaneously on the same area, respectively. As can clearly 
be seen from the images and their line cut profiles, both, topography and current under illumination 
(CuI) image show no correlation. While the topography image shows peak-to-peak surface 
corrugation (or roughness) of about 5 Å, the CuI image reveals local current maxima with varying 
shapes and nm-range sizes, referred to as current patches (CPs). The CPs have larger or enhanced 
current as compared to the current in the more homogeneous areas (HAs). Similar type of local 
conductivity variation on the nanoscale have been reported for quantum dots with defects6, high-
k dielectric oxides7, perovskite solar cell samples8, and through phosphorous and dangling bond 
pairs at the silicon/SiO2 interface9 under ultra-high vacuum condition. Our results reveal that the 
current flow through the thin, boron-doped a-Si:H emitter layer is highly inhomogeneous and 
shows strong variation within the nm-range sized CPs and HAs. Therefore, we attribute these 
strong nm-range sized CPs and HAs to nm scale conductivity variation of the HIT surface- or 
subsurface-regions. A similar observation is made for (p,i) a-Si:H/(n) c-Si HIT solar cell as 
presented and discussed in the main text. 
  
 Figure S2. a) The current image of a 100×100 nm2 scan area measured using cAFM under white light 
illumination and forward bias condition 𝑉bias = 1	V  on a (n,i) a-Si: H/(p) c-Si heterojunction sample. b) 
The topographic image of the same area, as obtained simultaneously with the current image shown in a). 
c) Plots of different current profiles along the line cut 1, 2, 3, 4 shown in a). d) The plot of the topographic 
height profile along the line cuts 1, 2, 3,4 shown in b). The comparison of the topography and current data 
in a) and b) and, thus, in c) and d) show that there is no discernable correlation between current and 
topographic images. 
 
3. Verification of constant offset current of current detector on the gap and applied bias 
Figure S3 displays the measured offset current as a function of time for different tip-sample gap 
distance (TSD) and applied bias voltage, 𝑉bias. The plots in Figure S3a show the current transient 
at different tip-sample gap distance where the TSD was maintained constant by using the force 
feedback control with the respective set frequency shift. All of these plots were acquired at 𝑉bias =0	Vand under dark condition. These results confirm that the absolute offset current of the current 
detector remains constant for different TSD. We have also acquired current images at different 
TSD under the dark condition, and zero bias (not shown here) and the results show that the offset 
current does not change with TSD. Figure S3b depicts the transient offset current at different 
applied bias voltage under dark condition when TSD is large which corresponds to a frequency 
shift ∆𝑓 = −5	Hz and the Pt tip is not in tunneling range. These results confirm that the current 
detector offset current does not depend on 𝑉bias.  
  
  
Figure S3. a) Offset current as a function of time for different TSD which is controlled by the respective 
frequency shift. b) Offset current as a function of time for different 𝑉bias. Note that the offset current for 
panel b is acquired at large TSD.  
 
 
4. Density of state determination 
Figure S4 displays the procedure we followed to determine the density of states from current 
images acquired at different 𝑉biasshown in the main text of Figure 3. Figure S4a shows the current 
image measured at 𝑉bias = 1.8	V as displayed in the main text of Figure 3. This original image 
acquired using cAFM is converted into a binary image using the ImageJ processing software10,11 
with global thresholding which identifies the CPs (black regions) from the background (HA: white 
regions) as shown in Figure S4b. Common global thresholding was applied for all current images.  
 
 Figure S4. Determination of density of states. a) current image obtained with 𝑉"#$% = 1.8	𝑉, as shown in 
Fig. 2 of the main text. See Fig. 2 also for the color to current conversion legend. b) the current image in a 
binary black and white after an appririate black-to white threshold current has been identified. c) The 
number of current patches identified through local current maxima (red dots). d) area fraction of the CPs 
as a function of 𝑉bias.  
 
 
The number of CPs and their total area (the sum of the areas of the individual CPs) are obtained 
from each current image following this procedure, an example of which is shown in Figure S4c. 
Figure S4d shows the area fraction (total area of CPs divided by the total area of the current image) 
as a function of 𝑉bias. The number of CPs per area for all current images as a function of 𝑉biasis 
shown in the lower right panel of Figure 3 in the main text. This clearly shows that the areal density 
of states increases with 𝑉bias (see detailed explanation in the main text). Moreover, the area fraction 
of CPs also increases with 𝑉bias, which indicates an increase of the number of CPs.   
 
 Figure S5. 2D numerical simulation of energy band diagram under one sun illumination. a) 
Energy band diagram at TSD of 0.75 nm for applied bias voltage of 0 V, 0.75 V, 1.5 V as indicated 
in the figure. The black line represents conduction band, the red dash line represents quasi Fermi 
level of electrons, the green dash line represents quasi Fermi level of holes, and the bluse line 
represents the valance band. b) The shift of quasi Fermi level of holes with respect to the valance 
bandas as a function of applied bias at difference location of SHJ as indicated in the figure. c) The 
shift of quasi Fermi level of electrons with respect to the conduction band as a function of applied 
bias at difference location of SHJ as indicated in the figure.  
 
 
5. Two dimensional numerical simulation of the HIT structure studied in the cAFM 
experiment with SENTAURUS 
 
2D-device simulation was performed using TCAD-SENTAURUSTM 12. The structure of the 
simulated device is the same as in Figure 1a in the main text, except the TCO was omitted and 
silver was used as metallization at the back contact. Under illumination (1 sun), simulated optical 
generation was obtained using optical beam absorption method, in which photon absorption in c-
Si is calculated following Beer’s law. Current flow through vacuum gap was governed by barrier 
tunneling with effective mass in vacuum is taken as 1. Input electrical parameters of a-Si:H films 
were taken from standard a-Si layers as used in the silicon heterojunction device simulator 
AFORS-HET13,14. 
 Figure S6. 2D numerical simulation of the I-V curve as a function of TSD. a) 2D simulated I-V curve for 
three different TSD (or tunneling gap). b) as (a) but different scale showing that the I-V curve only 
marginally changes but VOC is independent of TSD c) Dark and PC seperated in simulation. 
 
 
Figure S5 depicts the 2D simulation of energy band diagram of the SHJ solar cell. Figure 5a shows 
the variation of conduction band, valance band, Fermi level of holes, and Fermi level of electrons 
in the vertical direction (z-axis) of the SHJ as indicated in Figure 1a of the main text at different 
applied bias. Figure S5b and S5c shows The shift of quasi Fermi level of holes and electrons as a 
function of applied bias at different vertical location of the sample, respectively. The quasi Fermi 
level of holes as a function of bias only change at the interface while it remains almost constant at 
the surface and mid point of (p) a-Si layer. However, the quasi Fermi level of electrons shifs almost 
linearly with applied voltage above 0.5 V applied voltages. 
 Figure S6a and S6b displays the 2D simulation of I-V curves for different TSD (see the Figure S6 
above) with larger and smaller scale, respectively. The result shows that the open-circuit voltage 
is the same for different TSD but it is close to the measured average open-circuit voltage. However, 
this simulation does not show local variation of open-circuit voltage. In the simulation localized 
electronics states and quantum phenomenon were not taken in to consideration which implies that 
the simulation is more likely does not represent the real experiment conditions. Figure S6c shows 
the simulated I-V under illumination and dark conditions and their difference. Their difference 
which is the PC looks more or less voltage independence and it is similar to what is observed on 
the homogenous area (see Figure 4 in the main text).  
 
6. Gap dependence open-circuit voltage of CPs 
 
Figure S7 displays the histograms of the open-circuit voltage (𝑉OC) extracted from the measured 
I-V curves on CPs for TSD from 0.2 nm to 0.7 nm. These results show that at a given TSD there 
exists broad distributions of 𝑉OC and at the same time, the center of these distribution shifts towards 
smaller value with decreasing TSD. The center of the distribution shifts from 925 mV to 590 mV 
as the TSD varies from 0.7 nm to 0.2 nm, respectively. Previously, variation of open-circuit 
voltage from 0.2 V to 0.5 V at nano-scale has been reported on silicon nanowire solar cell using 
conductive-probe force microscopy15. Since, our measurements were carried out on nano-scale 
level using cAFM which is sensitive to many complicated scenarios, several possibilities can 
contribute to the observed variation. When TSD is very large, for example 0.7 nm, we measured 𝑉OC close to 1.2 V which is above the expected thermodynamic limit. The 𝑉OC distribution center 
shift with TSD and its broad distribution at a given TSD can be attributed to combination of some 
effects that is related to the property of the sample. At a given TSD, each CPs are the result of 
many percolation domains (paths) that involve valance band-tail states. As TSD becomes smaller, 
the volume of the sample that is in tunneling range and accessible to the tip will be bigger which 
can result in larger percolation domains that involves band-tail states in the volume of the emitter 
and intrinsic buffer a-Si:H layer. As a result of this, the local effective resistance of percolation 
domains (paths) will be reduced and lead to a shift of 𝑉OC to a lower value (see the center shift 
from bottom to the top plot of Figure S7). This effect, in turn is one cause of the observed 𝑉OC 
distribution, since CPs are not all identical and, thus, the induced shift will not be identical for 
different CPs either. In addition to a variation of local effective parallel resistance with TSD, the 
presence of positively or negatively charged state(s) [defect or band-tail state(s)] or dipoles16–18 
nearby or along charge percolation paths can induce a local change of electric potential landscape 
(positive or negative) which can monitor or control by turning off and on the local charge 
percolation paths as evidenced by the random telegraph noise due to trapping and de-trapping 
process or charging and discharging process. Other groups using scanning tunneling microscopy 
on the surface of silicon doped GaAs sample have shown controlled charge switching on 
individually addressable single donor state and a sharp jump of dark tunneling current due to the 
charge state of a donor state19. In their report, they have shown a shift of I-V curve of approximately 
by 0.4 V for higher applied voltage to get the same dark tunneling current. This result is consistent 
with our observation of local 𝑉OC shift. Therefore, this effect can contribute to local 𝑉OC close to 
the band gap of c-Si (see 2D potential simulation below).  
 Figure S7. Histogram displaying the variation of local open-circuit voltage determined with cAFM on 
CPs for six different TSD.  
 
7. Simulation of local potential fluctuation.  
Figure S8 shows the 2D simulation of electrostatic surface potential due to the presence 
randomly distributed both negative and positive discrete point charges. Here we consider a 
simple electrostatic situation to check on the influence of discrete point charges on the surface 
potential at various TSD and hence the measured open-circuit voltage. For this simulation, we 
randomly distribute 20 discrete point charge (10 electrons and 10 holes) across the volume of 
a sample of  200	nm	 × 200	nm	 × 5	nm, representing our a-Si:H heterocontact. The total 
electrostatic surface potential at a distance d away from the sample surface (representing TSD) 
was then calculated by summing the electric potential contribution of each point charges at 
each grid point above the sample surface. The potential was calculated for 128 × 128	grid 
points within the area of 100	nm	 × 100	nm. Figure S8a and S8b show the simulated 
electrostatic surface potential at distance 𝑑 = 0.2	nm and 𝑑 = 0.7	nm above the sample 
surface close to the experimental condition, respectively. Figure S8c shows the difference 
between surface potential of Figure S8a and S8b. Figure S8d, S7e and S8f shows the repetition 
of the simulation for another randomly distributed discrete point charges where in this case 
distribution (or locations) of point charges are different from the first case. These simulations 
results suggest that the presence of positively (negatively) charged trapped states can induce 
an increase (decrease) of local surface potential and hence contribute to the local 𝑉OC variations 
possibly close to the bandgap of c-Si. Similar phenomena of local surface potential variations 
have been observed for some systems such as insulator and semiconductor surfaces due to 
point charges located at the surface or subsurface 20,21, charging and discharging of quantum 
dots22, charge trapping in high-dielectric amorphous and polycrystalline Al2O3 layers, and 
fixed charges in semiconductor heterojunction interface23. Particularly, Teichmann et al. have 
shown the mapping of single donor coulomb potential at the semiconductor-vacuum interface 
where its charging state controls the tunneling current19. Therefore, we attribute local 
fluctuation of open-circuit voltage to the presence of charged trap states in the HIT surface or 
subsurface or interface solar cell sample.  
 
 Figure S8. Simulation of local potential fluctuation. a) Surface potential at a distance 𝑑 = 0.2	𝑛𝑚. b) 
Surface potential at a distance 𝑑 = 0.7	𝑛𝑚. c) Change in surface potential between distance 𝑑 =0.2	𝑛𝑚 and 𝑑 = 0.7	𝑛𝑚. d), e), and f) are surface potential at a distance 𝑑 = 0.2	𝑛𝑚, 𝑑 = 0.7	𝑛𝑚, 
and their difference, respectively.  
 
8. Exclusion of artifact signals for random telegraph noise (RTN) measurements 
The RTN shown in Fig. 3e of the main text was, under the given conditions, qualitatively 
reproduced at about one quarter of the CPs where this experiment was repeated, yet this alone does 
not proof that this effect is not an artifact, e.g. due to weakly bond surface atoms which swtich 
their location randomly between the tip and the surface38,39. To test these observations for such 
artifacts, we identified first the a location of a pronounced CP which displayed RTN [see blue 
circled area in Figure S9a] and then a location within a HA were no RTN was seen [see red circled 
area in Figure S9a]. We then moved the tip between these two circled locations and we monitored 
both, the current and the frequency shift of the qPlus sensor [see Figure S9b through S9e]. While 
we observed no bimodal switching behavior for the frequency shift at any time, confirming that 
the RTN of the sample current is not caused by RTN of the TSD [see Figure S9c]. We also tested 
whether the RTN is highly reproducible at the blue circled location [see Figure S9b and S9e] while, 
at the same time, the absence of RTN at the red circled location was determined to be well 
reproducible, too. From these experiments, we conclude that the observed RTN must be caused by 
a mechanism that is inherent to the position where the RTN is detected, i.e. due to an electronic 
trap and, thus, we conclude that the sample current at a few CPs is switched between two levels 
by local charge trapping and reemission processes.  
 
Figure S9. (a) Image of CuI record at an arbitrary surface location. b) RTN measured on CP, circled blue. 
The inset is its histogram. c) Typical frequency shift as a function of time measured on CP and HA. The 
inset is the histogram. d) Current transient measured at location circled by the blue circle. The inset is the 
histogram.  e) RTN measured at bright spot circled by the blue circle. RTN at bright spot shows a bimodal 
distribution while current transient off bright spot and frequency shift show unimodal distribution. See 
detail explanation in the text.   
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